Summary Forest growth is an important factor both economically and ecologically, and it follows a predictable trend with age. Generally, growth accelerates as canopies develop in young forests and declines substantially soon after maximum leaf area is attained. The causes of this decline are multiple and may be linked to age-or size-related processes, or both. Our objective was to determine the relative effects of tree age and tree size on the physiological attributes of two broadleaf species. As age and size are normally coupled during growth, an approach based on grafting techniques to separate the effects of size from those of age was adopted. Genetically identical grafted seedlings were produced from scions taken from trees of four age classes, ranging from 4 to 162 years. We found that leaf-level net photosynthetic rate per unit of leaf mass and some other leaf structural and biochemical characteristics had decreased substantially with increasing size of the donor trees in the field, whereas other gas exchange parameters expressed on a leaf area basis did not. In contrast, these parameters remained almost constant in grafted seedlings, i.e., scions taken from donor trees with different meristematic ages show no age-related trend after they were grafted onto young rootstocks. In general, the results suggested that sizerelated limitations triggered the declines in photosynthate production and tree growth, whereas less evidence was found to support a role of meristematic age.
Introduction
About 90% of a plant's dry mass originates from the products fixed in photosynthesis (Poorter et al. 1990 ) and this value reaches 100% in trees. It is therefore not surprising that photosynthesis has been the subject of many studies examining the basis of variation in tree growth. Although photosynthesis is responsible for tree growth, the links between these two processes are still not well understood. Growth declines when photosynthesis is impaired; however, there appears to be a wide range of photosynthetic rates observed for any given rate of growth, and there may be situations where growth appears to control photosynthesis. This dynamic relationship between photosynthesis and growth is vital to studies of the so-called age-related decline in forest productivity. As trees get older or grow taller, photosynthetic rates appear to decrease, leading to the hypothesis of hydraulic limitations to growth (Ryan and Yoder 1997) . However, the reverse could also be happening, with reductions in the inherent sink strength of growing organs driving the decline in leaf-level photosynthetic rates. This opposite view has led to the maturation hypothesis (Wareing 1959 , Day et al. 2002 that invokes the occurrence of stable changes in plant meristems to explain the age-related declines in growth potential.
Grafting techniques can help disentangle these alternative hypotheses, as they enable experimental separation of the effects of size from those of age, by producing vegetatively propagated plants that are of similar size, whereas their aboveground tissues maintain the putative ages of the apical meristems of the original donor trees. Studies of tree aging based on grafting techniques have shown that physiological traits such as net photosynthetic rate and stomatal conductance can decline with tree age, irrespective of differences in tree size (Rebbeck et al. 1993 , Day et al. 2001 ). However, the evidence for growth reductions being directly driven by age is more controversial. Height and diameter growth with branch numbers have been found to decrease with increasing age of scions in Douglas-fir (Ritchie and Keeley 1994) , eastern larch (Greenwood et al. 1989 ) and radiata pine (Sweet 1973) . However, a recent reanalysis of the published literature (Mencuccini et al. 2007) showed that earlier conclusions were affected by the choice of the growth metrics employed (absolute versus relative growth rates) and that age-mediated controls of tree growth were only likely to be important during the first few years of a tree's life (i.e., well before sexual competence). Hence, these grafting studies primarily demonstrated that phase change or maturation during the first few years of a tree's life results in changes in the growth habit of the apical meristem that persist when the mature meristem is reexposed to physiological conditions associated with a young immature plant; i.e., the juvenile rootstock (Hackett 1985 , Greenwood 1995 . In contrast, net photosynthetic rates of Hedera helix L. (Bauer and Bauer 1980) and Larix laricina (Du Roi) K. Koch (Hutchison et al. 1990 ) have been found to increase with increasing scion age. Therefore, for these species, the maturation hypothesis seems unlikely.
Several studies examining size-related changes have shown that photosynthetic rates can be reduced in tall trees, because of the limitation of hydraulic transport (Mencuccini and Grace 1996a) . It has been suggested that a sizerelated reduction in leaf-specific hydraulic conductance is the main mechanism constraining stomatal conductance of tall trees, and this consequently underlies the reductions in photosynthetic rates and primary productivity (Yoder et al. 1994, Ryan and Yoder 1997) . Leaf-specific hydraulic conductance may decrease with tree size as a result of the greater path length from soil to stomata, causing reductions in stomatal conductance and photosynthetic rate that directly affect tree growth. In addition, height directly affects the hydrostatic component of the water potential, possibly reducing leaf turgor and growth (e.g., Woodruff et al. 2004) . A recent reanalysis of the published literature, however, failed to support the hypothesis that the observed reductions in leaf-level photosynthetic rates are sufficient to explain the growth reductions (Ryan et al. 2006) .
Considering the obvious differences in growth trends of field trees of different sizes (Mencuccini et al. 2005) , one would expect strong differences in carbon assimilation as well. Do these differences in age-or size-related growth imply similar differences in net carbon gain? To answer this question, physiological characteristics and chemical compositions at the leaf level were measured in the field and compared with those of grafted scion seedlings obtained from the same donor trees. The aim was to link the reduction in tree growth during aging with changes in leaf-level physiological properties.
Materials and methods

Field site and mature tree sampling
The grafting material was taken at Cramond, Almond Valley, west of Edinburgh (55   o   58 0 42 00 N and 3 o 16 0 09 00 W). The mixed woodland contains several naturally regenerated age classes of sycamore (Acer pseudoplatanus L.) and ash (Fraxinus excelsior L.), together with other species. The woodland is located at a fertile site on deep alluvial soil in a sheltered location at sea level. The selected trees varied in age from 3 to 162 years and were clearly grouped into four sizes and age classes (Table 1 , see Mencuccini et al. 2005 Mencuccini et al. , 2007 for further details). Ten trees were selected in the youngest class of both species, and five trees were selected in each of the second, third and fourth age classes.
Field gas exchange, water potential and leaf properties
Gas exchange was measured in the field in summer 2004 with an LCpro Portable Photosynthesis System (ADC, Inc., Lincoln, UK) equipped with a standard 2.5 · 2.5 cm broadleaf cuvette. Four sampling dates were chosen (days of year (DOY) 175, 176, 177 and 178) and 8-10 trees from each age class of both species were selected randomly on each day. The measurements were made between 1030 and 1430 h GMT with an ambient irradiance ranging between 1100 and 2800 lmol photons m À2 s À1 (data from Edinburgh Gogarbank Meteorological Station) and an ambient temperature of around 22-26°C (except DOY 175 when the day was overcast). Before the gas exchange measurements, calibrations for flow meter and CO 2 zero values were made. To avoid the effects of fluctuating environmental conditions, cuvette irradiance was set at 1200 lmol photons m À2 s À1 (saturating irradiance) for both species based on trial measurements where photosynthetic rate saturated at > 1000 lmol 
Grafting technique
Scions originating as terminal branch shoots with relatively uniform sizes (6-8 cm diameter) were collected from the top third of the canopies of the selected trees during the last two weeks of February 2003. Two hundred seedlings (rootstocks) of each species were used for grafting (10 scions · 5 trees · 4 age classes (AC1-AC4)) and 50 seedlings were used as controls (25 ungrafted rootstocks and 25 selfgrafted seedlings, i.e., juvenile twigs grafted onto different, but still juvenile, individuals). All the grafted seedlings and rootstocks were grown in 3-1 polyethylene bags containing a 2:1:1 v/v sphagnum peat:sand:vermiculite mix, and supplied with slow-release fertilizer. The potted trees were placed in open-top glass frames in the nursery at the University of Edinburgh. Survival was about 80% for ash, but much lower for sycamore (about 40%), particularly in age class 3 (AC3). In early 2004, all of the grafted seedlings were transferred to 10-l pots. Further details are described by Mencuccini et al. (2005 Mencuccini et al. ( , 2007 , who reported other data for these same plants.
Grafted seedling gas exchange, W leaf , N m , SLA and d 13 C Gas exchange was compared among the four age classes (AC1-AC4) of the grafted trees together with two controls (i.e., self-grafted seedlings (SG) and rootstock material (RS)) in the first and the second growing seasons after grafting. In both growing seasons, 10 trees from each age class of the two species were randomly selected for gas exchange measurements. This included all seven surviving trees in AC3 of A. pseudoplatanus. The main characteristics of the grafted seedlings used in this study are presented in Table 2 . The selected seedlings were placed in a greenhouse before gas exchange measurements. Two sampling periods, i.e., June and August, were selected in both growing seasons on the basis of seasonal changes in foliar attributes. As the number of trees was high, the measurements were staggered over different days, by making sure that trees from all age classes were equally sampled during each day. The gas exchange measurements were made on fully expanded leaves from the uppermost part of each selected grafted scion. A LCpro Portable Photosynthesis System (ADC, Lincoln, UK) was used, and the cuvette climate was set as described for the field gas exchange campaigns. Three sequential measurements were made within 1-4 min, and mean values were used for analyses. After sampling, the leaves used for gas exchange were severed and their W leaf was measured. In addition, predawn W leaf measurements Table 2 . Characteristics of A. pseudoplatanus and F. excelsior grafted seedlings used in this study. Mean attributes are based on the sample size of n = 10 for each age class in both species (except in age class 3 of A. pseudoplatanus, where n = 7) over two growing seasons. Symbols and abbreviations: ± denotes the mean standard error; and SLA is specific leaf area. were made on all selected seedlings between 0230 and 0530 h. The leaf area was also measured on the leaves taken for W leaf measurements. Leaves of six of the 10 grafted seedlings in each age class used for gas exchange and W leaf measurements were randomly selected to determine leaf N m and d
13
C. The procedures for N m and d
C analyses were similar to those applied to the donor tree leaves.
Photosynthetic efficiency and capacity of grafted seedlings
Photosynthetic efficiency was assessed by determining the response of net photosynthetic rate (A net ) of grafted seedlings to increasing photosynthetic active radiation (Q). The A net /Q response curves were generated by maintaining cuvette CO 2 concentration (C a ) at 360 lmol mol À1 at a constant temperature under high and stable humidity conditions while increasing Q from 530 to 760, 950 and 1190 lmol m À2 s À1 until complete light saturation was reached and then decreasing Q in five steps, i.e., 330, 150, 100, 50 and 0 lmol m À2 s
À1
. The response of A net to irradiance (Q) was modeled with a non-rectangular hyperbola where the initial slope was the apparent quantum efficiency (U), the light compensation point and apparent respiration were estimated from axis intercepts, and the light-saturated maximum photosynthetic rate (A max ) was the upper asymptote. An additional parameter k (convexity) was required to describe the progressive rate of bending between the linear gradient and maximum value. All these parameters were determined by fitting data to the model function expressed as a quadratic equation by Prioul and Chartier (1977) .
Photosynthetic capacity was assessed by determining the response of A net in grafted seedlings to increasing intercellular CO 2 concentration (C i ). The A net /C i response curve was generated by measuring A and intercellular CO 2 (C i ) at a series of CO 2 concentrations (C a ) (cf. Ainsworth et al. 2002) . The protocol used was to measure A and C i as C a was decreased from ambient C a in steps to 300, 250, 200, 150, 100 and 50 lmol mol À1 and then increased to 370, 450, 550, 650, 800 and 1000 lmol mol À1 (Long and Bernacchi 2003) . Maximum carboxylation rate (V cmax ) and maximum electron transport rate (J max ) were calculated from the A net /C i curves by nonlinear least squares regression to give the best fit to the equations of Farquhar et al. (1980) and Farquhar and von Caemmerer (1982) photosynthesis model (see also, Harley et al. 1992) . Photosyn Assistant Software package (Dundee Scientific, Dundee, UK) was used for calculations and data interpretation for both A net /C i and A net /Q curves.
Data analyses
Data obtained from multiple leaves and times were averaged for each individual tree before statistical analysis. If necessary, data transformations were applied to stabilize error variance. The data were then analyzed by one-way analysis of variance (ANOVA) and the general linear model for balanced and unbalanced designs among age classes.
The mean values obtained were compared among age classes by Duncan multiple range test (DMRT). All statistical analyses were performed with Statistical Analysis System Version 9.0 (SAS Institute, Cary, NC), and the significance level was set at 0.05. Linear regression analyses were carried out with Sigma Plot Version 9.0 (Systat Software, Richmond, CA). Differences among the slopes of the regression equations were tested by analysis of covariance (ANCOVA) in SPSS Version 12.0 (SPSS, Chicago, IL).
Results
Leaf-level gas exchange, W leaf , SLA, N m and d
C of the donor trees
Analysis of variance showed significant effects of age class on physiological parameters such as mass-based A net , C i (A. pseudoplatanus only), W leaf (A. pseudoplatanus only), and leaf characteristics such as SLA and d 13 C (Table 3) . Values of mass-based A net differed significantly between age classes in A. pseudoplatanus (P < 0.01) and in F. excelsior (P < 0.05, Table 3, Figure 1A) There was a significant difference (P < 0.01) in C i between age classes in A. pseudoplatanus but not in F. excelsior (Table 3 ). Leaf C i was higher in the youngest class in A. pseudoplatanus, followed by AC4, AC2 and AC3. Similar trends, albeit insignificant, were observed in F. excelsior ( Figure 1B) . Stomatal conductance (G s ) did not differ significantly between age classes in either species (Table  3 ). There were highly significant differences in W leaf between Table 3 . Summary of analysis of variance (ANOVA) of leaflevel gas exchange, W leaf and leaf characters in A. pseudoplatanus and F. excelsior donor trees. Significance values: ***, P < 0.001; **, P < 0.01; *, P < 0.05 and ns, not significant. (Table 3 ). For A. pseudoplatanus, the highest W leaf value was in AC1 followed by AC2, AC4 and AC3 ( Figure 1D ). The trends in W leaf across age classes paralleled those in G s in both species. Specific leaf area differed significantly (at least P < 0.01, Table 3 ) between age classes in both species (Figure 2A) , with large reductions in SLA between AC1 and AC4 (a factor of about 3 and 2 for A. pseudoplatanus and F. excelsior, respectively). Although no significant differences were detected in N m between age classes in either species (Table 3) , an age-related trend was revealed by DMRT which showed different groupings for F. excelsior ( Figure 2B ). Leaf d
13
C differed significantly between age classes in A. pseudoplatanus (P < 0.01) and F. excelsior (at least P < 0.01, Table 3), with strong agerelated patterns in both species ( Figure 2C ).
C of the grafted seedlings
Leaf-level gas exchange, W leaf , and leaf structural and biochemical characters were determined on grafted seedlings from the four classes of scion age (AC1-AC4) and two controls (i.e., RS and SG) in the first and the second growing seasons after grafting. Mass-based A net differed significantly between plant groups for both A. pseudoplatanus and F. excelsior, and for both growing seasons (Table 4 ). In the first growing season, a highly significant difference (P < 0.001) in mass-based A net in A. pseudoplatanus between plant groups was a result of low values in RS, whereas during the second growing season mass-based A net varied among the age classes of the grafted seedlings but with no clear age-related trends (i.e., AC4 had significantly higher values than AC3, but did not differ from either AC1 or AC2) (Table 5 ). In F. excelsior, mass-based A net was highest in RS followed by SG and AC1 during the first growing season. During the second growing season, however, SG plants had the highest values, and differences across age classes actually showed an opposite age-related trend, with highest values in AC4 (Table 5) . Values of C i did not differ significantly among scion ages and controls in A. pseudoplatanus in either season (Table 4) , whereas C i differed only in the RS plants in the first growing season for F. excelsior (Table 5 ). In both growing seasons, G s Table 4 . Summary of analysis of variance (ANOVA) of leaf-level gas exchanges, W leaf and leaf characters in A. pseudoplatanus and F. excelsior grafted seedlings. Significance values: ***, P < 0.001; **, P < 0.01; *, P < 0.05 and ns, not significant. (Tables 2 and 4 ). In A. pseudoplatanus, SLA declined by about 22% from AC1 to AC4, compared with a 24% decline from AC1 to AC4 in F. excelsior. This decline represented only a fraction of the observed reductions in the donor trees, where SLA declined by about 50 and 67%, respectively, between AC1 and AC4. Scion ages and controls differed significantly in N m in both species during the first growing season but no significant effect was found in either species during the second growing season (Tables 4 and 5 ). Leaf d 13 C varied across plant groups during both growing seasons (Table 4) , although the values for the four age classes of grafted seedlings either remained constant during both years (A. pseudoplatanus) or showed more negative values in the older age classes in both years (F. excelsior) ( Table 4) .
Photosynthetic capacity and efficiency
Data on photosynthetic capacity and efficiency obtained over two growing seasons are summarized in Figure 3 . Mean values of apparent quantum efficiency (U) observed in 2003 and 2004 were not significantly different among scion ages and controls for either species, and no age-related trend was observed in either season for either species.
Mean values of A max did not differ among scion ages and controls in either the first or the second growing season in A. pseudoplatanus, although the absolute values were higher in the second season than in the first growing season. In F. excelsior, A max showed an age-related trend during the first season, but values were similar across the age classes during the second growing season.
Maximum carboxylation rate (V cmax ) was the highest in AC1 in A. pseudoplatanus and AC2 in F. excelsior during the first growing season. In the second growing season, however, only the SG showed higher values of V cmax in A. pseudoplatanus, whereas V cmax showed an inverse agerelated trend in F. excelsior. A similar behavior was seen for J max in both species and for both growing seasons. Overall, these results showed that there was no age-related declining trend in V cmax in the grafted seedlings.
Relationships between physiological parameters and leaf properties in donor trees and grafted seedlings As age-related declining in SLA were observed for both donor trees and grafted seedlings, SLA was regressed against A net and N m for the donor trees, and A net , A max , V cmax and N m for the grafted seedlings. Similar analyses were also carried out between A net and N m in both donor trees and grafted seedlings for the two species. Figure 4 shows the relationships between SLA and massbased A net for both donor trees and grafted seedlings. Highly significant positive correlations (P < 0.001) were found between SLA and A net in donor trees of A. pseudoplatanus, as well as in their grafted seedlings for the two growing seasons. Strong correlations (P < 0.001) were also found between SLA and A net in F. excelsior in the donor trees and the grafted seedlings in the first growing season, but no significant correlation was observed in the grafted seedlings in the second growing season. When SLA was held constant, the ANCOVA revealed significant differences (P < 0.001) in mass-based A net between donor trees and grafted seedlings of both species, with higher values in the seedlings.
Nitrogen concentrations were positively correlated with A net in donor trees of both species ( Figure 5 ). For the grafted seedlings, however, a significant positive correlation was only found in A. pseudoplatanus in the second growing season. In 2004, higher A net values were found in grafted seedlings than in donor trees of A. pseudoplatanus, whereas the evidence was more ambiguous for F. excelsior because of the lack of a relationship between A net and N m .
Discussion
Generally, our gas exchange results did not reflect the large declines in growth rates observed in the donor trees by Mencuccini et al. (2005) , confirming that the measurements of leaf-level photosynthetic rates do not readily allow for conclusions to be reached about tree growth (e.g., Ku¨ppers and Ku¨ppers 2003) . Although area-based A net did not show age-related trends, these values were within the range recorded by Morecroft and Roberts (1999) for A. pseudoplatanus in an unmanaged old woodland and by Ho¨lscher (2004) for F. excelsior in an old-growth forest of broadleaved deciduous tree species. In contrast, we did observe age-related declines in mass-based A net in both species (Figure 1A) . Similarly, Day et al. (2001) had found trends of mass-based A net in red spruce, but they had also found that other parameters such as C i and G s were reduced in older trees compared with younger trees. Lower G s of large trees compared with small trees would be consistent with the hydraulic limitation hypothesis and the effect of the gravitational hydrostatic gradient (Ryan and Yoder 1997 , Bond and Ryan 2000 , Woodruff et al. 2004 ; however, in our study, C i , G s and area-based A net did not show any significant age-related trends in either A. pseudoplatanus or F. excelsior (Figure 1 ). Our study site was a mixed uneven-aged species woodland, with individuals of all ages coexisting in the same plot. Attention was paid to selection of individuals to avoid suppressed trees and direct vertical shading; but a degree of lateral shading from the emergent oldest trees was unavoidable. As partially shaded seedlings and saplings often have lower G s than unshaded dominant trees (Ko¨stner et al. 1992 , Fredericksen et al. 1995 , Martin et al. 1997 , Samuelson and Kelly 1997 , the results may be partially affected. However, it is unlikely that shading can explain all the differences we observed across age classes, because we measured A net and G s in saturating light, and mass-based A net of the small saplings was almost twice as that of the large dominant trees. Other potentially confounding factors may be that (1) the gas exchange measurements were not carried out at the same time on all trees because of difficulties accessing the trees and (2) the W leaf values at the time of measurements showed a relationship Table 1. with G s in both species as indicated in Figure 1 , suggesting that stomatal closure played an important role in determining G s at the time of sampling. It is well known that stomatal closure is associated with reduced soil to leaf hydraulic conductance (Kolb and Stone 2000) and differences in W leaf (Hubbard et al. 1999) . Because of the difficulties associated with measuring gas exchange, leaf characters such as N m , SLA and d
13
C may be more useful for assessing age-related trends. Leaf nitrogen concentration has generally been shown to be a good predictor of A net and G s (Field and Mooney 1986 , Reich et al. 1994 , Samuelson and Kelly 1997 . Leaf N m tended to decrease with increasing age of the trees in both species, although the DMRT showed significant groupings only for F. excelsior ( Figure 2B ). In addition, significant but weak relationships were found between N m and mass-based A net for the donor trees ( Figure 5 ). Kull and Koppel (1987) observed declines in leaf nitrogen and photosynthetic capacity as trees aged. Furthermore, Schoettle (1994) found that leaf nitrogen concentrations were lower in old Pinus aristata trees than in young trees. In contrast, other studies have shown no changes in nitrogen concentration or photosynthetic capacity with tree age (e.g., Schoettle 1994 , Mencuccini and Grace 1996b , Hubbard et al. 1999 , McDowell et al. 2002 , Barnard and Ryan 2003 . We observed marked declines in SLA in the field, with values for AC4 being 33 to 50% of those of AC1 (Figure 2 ). In addition, much stronger relationships were found between mass-based A net and SLA for the donor trees than between mass-based A net and N m (Figure 4 ). Taken together, these results suggest that the lower A net in the taller trees resulted from declines in SLA, possibly as a result of the difference in the hydrostatic potential gradient between the 3-m-tall and the 23-25-m-tall trees in AC1 and AC4, respectively, as also seen in much taller trees (e.g., Marshall and Monserud 2003, Woodruff et al. 2004 ). Leaf d
C can provide an independent test of the hypothesis that G s declines with increasing height, because areabased A net did not change and mass-based A net declined with tree size (McDowell et al. 2002) . Leaf d
C showed age-related trends in both species in the field with the values becoming less negative with increasing tree age ( Figure 2C ), suggesting increasing stomatal closure in old trees. Hence, the trends in d C of Douglas-fir (Pseudotsuga menziesii var. menziesii), and suggested that hydraulic limitations to gas exchange occur during spring but not during summer drought, a factor unlikely to play a role in our case. It is possible that our protocol of cutting 2-4-m-long branches before measuring G s temporarily rehydrated the leaves by tension release or by the use of capacitance water from cavitation, or by both (e.g., Lo Gullo and Salleo 1992). Bauerle et al. (1999) concluded that cuvette-based G s was a poor measure compared with d 13 C data because of the limited temporal integration of gas exchange measurements. Based on the studies cited, we believe that our d
C results provide evidence that G s (or an internal conductance; Greenwood et al. 2008 ) likely decreased with increasing age or size of the donor trees.
Generally, none of the parameters (i.e., A net , C i , W midday , G s , N m or d 13 C) monitored in the grafted plants during two growing seasons showed clear trends that were interpretable in terms of an age-related decline. For some variables (e.g., G s for sycamore, A net for ash), significant declines from the youngest to the oldest age class were detected during Year 1; however, these trends (as well as other non-age-related differences among classes) either entirely disappeared during Year 2 or were sometimes reversed, particularly for ash. In this species, significant age-related increases during Year 2 were detected in A net , G s , W midday and d
C. The parameters derived from the A/Q and the A/C i response curves showed a similar behavior, with differences in Year 1 disappearing or changing direction in Year 2 for ash. Therefore, we conclude from these data that there is no clear dependency of gas exchange properties on tree age in either species. If the age-related declines observed in the field for both species were directly controlled by age (as opposed to size or environment), then the same differences should persist in the grafted seedlings and should not disappear or change direction. A second conclusion from this dataset is that one year of gas exchange data is insufficient to characterize the response of these species to grafting. It would appear that both species underwent an acclimation period in the first year after grafting. Every parameter we measured showed much clearer and more consistent patterns during Year 2 compared with Year 1, leading us to conclude that the differences among age classes in physiological characteristics and leaf characteristics during Year 1 were strongly influenced by grafting shock. This conclusion is supported by the growth patterns during both years reported for the same plants by Mencuccini et al. (2007) .
The SLA changed across age classes of the grafted seedlings, during both growing seasons, suggesting a direct agemediated control for this characteristic; however, longer monitoring periods are required to test this hypothesis. Beside the previous observations that many other physiological characters appeared to undergo a period of recovery following the grafting shock, we found that only a minor fraction of the differences seen across age classes in the field were retained in the differences in SLA across the age classes of the grafted seedlings in 2004. The regression analyses conducted on some physiological parameters such as A net , A max , V cmax and leaf N m against SLA of the grafted seedlings or the donor trees showed that SLA correlated well with A net in the first and in the second growing season for both species (with the exception of the F. excelsior grafted seedlings in the second growing season, Figure 4 ) and the ANCOVA showed that, at constant SLA, light-saturated A net was higher in the grafted seedlings than in the donor trees.
Our results supported the general correlations between SLA, A net and N m for six biomes and different plant life forms reported by Reich et al. (1999) . Mass-based A net was positively correlated with SLA and N m (Poorter et al. 1990 , Reich et al. 1994 , and these patterns appear to be common to many species (Reich et al. 1999 ). According to Hunt and Cornelissen (1997) , species with high SLA and N m usually show high potential relative growth rates. This is supported by our results in which trees in younger classes tended to have higher relative growth rates compared to older trees (Mencuccini et al. 2005 ).
The gas exchange results only partially supported the observed size-related changes in growth parameters (Mencuccini et al. 2005 ), but they clearly disproved the hypothesis that the changes were caused by age-related changes, in agreement with several recent papers (Matsuzaki et al. 2005 , Mencuccini et al. 2005 , Bond et al. 2007 ). In the field, clearly declining trends were observed for massbased A net , SLA and d
C for both species. Overall, our results showed that the changes in A net and leaf characteristics were primarily triggered by size and not age. Further investigations have to be carried out, especially involving stomatal response and hydraulic conductance.
